We performed a retrospective review of side effects and clinical outcomes in relapsingremitting (RR) multiple sclerosis (MS) patients receiving long-term treatment with daclizumab. Twelve patients with RR MS were initially treated with daclizumab at 1 mg/kg IV, again 14 days later and then monthly treatments (average duration 42.1 months). Daclizumab dose (0.85 mg/kg to 1.5 mg/kg) was adjusted based on clinical response. Daclizumab was generally well tolerated. There was a significant reduction in relapse rate and improvement in Expanded Disability Status Scores (EDSSs) ( p < 0.0001). Long-term treatment with daclizumab in RR MS patients has apparent benefit that will require formal confirmation.
Introduction
Multiple sclerosis (MS) is an inflammatory disease of the central nervous system (CNS) that results in demyelination and axonal injury [Sospedra and Martin, 2005; Noseworthy, 2000] . Current immunotherapies partially suppress disease activity in MS [Compston and Coles, 2008; Brashir and Whitacker, 2002] . A new immunotherapy would be advantageous for the population of patients that despite treatment with currently approved immunotherapies have persistent disease activity (as demonstrated by continuing relapses and contrast enhancing lesions [CELs] on magnetic resonance imaging [MRI] scans). A promising new line of therapies in MS includes immunotherapy utilizing monoclonal antibodies that target specific receptors. One potential target is the interleukin 2 receptor (IL2-R) that is involved in activation of T and B cells [Morris and Waldmann, 2000; Bielekova et al. 2004; Waldmann et al. 2000 ]. IL2-R directed immunotherapy can ameliorate the experimental autoimmune encephalomyelitis (EAE) model of MS [Rose et al. 1991; Engelhardt et al. 1989; Hayosh and Swanborg, 1987] . Daclizumab is a humanized monoclonal antibody (IgG1 subtype) that binds to the alpha chain (CD25) of the IL2-R, making it specific to the high affinity, but not the intermediate affinity, IL2-R receptor. Mechanisms of action by daclizumab may be more complex than blockage of the receptor. Recent studies have demonstrated that inhibition of CD40L expression by daclizumab contributes to clinical efficacy [Snyder et al. 2007 ]. In addition, daclizumab treatment increases the function and number of natural killer cells potentially contributing to immunoregulation of activated lymphocytes [Bielekova et al. 2006 ].
Daclizumab is approved by the Food and Drug Administration for prevention of renal allograft rejection [Vincenti et al. 1998 ]. Daclizumab has been examined as an investigational therapy for autoimmune diseases that include noninfectious uveitis [Nussenblatt et al. 2005 [Nussenblatt et al. , 1999 and multiple sclerosis [Bielekova et al. 2004; Rose et al. 2004] . Two small phase II clinical trials of daclizumab for MS and a previous retrospective study of MS patients on open-label daclizumab have demonstrated reduction of new lesions and relapse rate as well as improved clinical scores over duration of treatment up to 28.5 months [Rose et al. 2007 ]. In addition, a multicenter phase II trial demonstrated significant reduction in contrast-enhancing lesions with short term (44 weeks) daclizumab administration [Kaufman et al. 2008 ]. In the present report we examine the clinical outcomes and side-effect profiles in relapsingremitting (RR) MS patients on longterm daclizumab therapy ranging from 24 to 60 months (average 42.1 months).
Methods

Patients
Twelve ambulatory patients treated in the MS clinic at the University of Utah (Salt Lake City, UT), with Expanded Disability Status Scores (EDSSs) of 2.5 to 6.5 were included in an IRB-approved retrospective study to evaluate side effects and clinical outcomes of daclizumab therapy. Side effects were monitored at clinical follow up visit every 36 months as well as by a formal survey. Follow-up phone contacts were done when necessary to evaluate specific side effects.
The patients included five women and seven men ranging between 30 and 61 years of age (Table 1 ). The duration of the disease ranged from 3 years to more than 21 years, averaging 11.1 years. All patients were failing multiple immunotherapies, defined as continuing relapses with new T2 lesions and/or contrast-enhancing lesions on MRI during an average of 20 months before treatment with daclizumab. The duration of treatment with daclizumab for all patients was from 24 months to 60 months with an average of 42.1 months.
Patients with RR MS were treated with daclizumab. RR MS includes those patients with active disease, one or two relapses per year (RR/A), and three or more relapses per year (RR/A*). The annual relapse rate was determined over a period of at least 15 and up to 27 months in each patient prior to daclizumab treatment (data not shown). The base line EDSS (before medication) was generally representative of the clinical status for at least 2 months before therapy. The disease course was (RR/A) in ten patients and (RR/A*) in two patients.
The 12 patients on long-term daclizumab therapy included in this study consisted of five patients that continued from the 2004 open-label study [Rose et al. 2004] , one new open-label patient and six patients that transferred from phase II participation to openlabel treatment [Rose et al. 2007] . Of these six patients, three were able to continue daclizumab in open-label treatment although three patients were not able to continue treatment due to lack of insurance funding; they were, however, observed in the subsequent year for development of any potential post-treatment side effects.
Treatment protocol
The treatment protocol in this investigation was based on the design by Dr Roland Martin and colleagues in the Neuroimmunology Branch at the National Institutes of Health [NIH] [Snyder et al. 2007; Bielekova et al. 2006 ]. This design was also used in our earlier reports of openlabel use and a small phase II trial [Rose et al. 2007 [Rose et al. , 2004 . Patients initially were treated with 1 mg/kg IV daclizumab; the same dose was repeated 14 days later, followed by subsequent treatments every 28 days. As therapy continued, the dosage was adjusted based on end of dose accentuation of previous neurologic symptoms or continued disease activity. The dose of daclizumab ranged between 0.85 and 1.5 mg/kg. When the daclizumab dose needed to be adjusted to optimize response, changes were made in one or two increments of an additional 0.25 mg/kg. In one patient (#1) the dosage was decreased to 0.85 mg/kg due to a medication related rash (granuloma annulare) [Mehta and Rose, 2009 ]. Liver function tests and blood cell counts including absolute lymphocyte counts were monitored every month during therapy.
The duration of therapy for all patients ranged between 24 months and 60 months with an average of 42.1 months. Nine patients received therapy for more than 3 years, two patients received therapy for more than 2 years and one patient received therapy for 2 years. Nine of these patients received monotherapy with daclizumab and three patients continued in combined therapy with interferon; one patient discontinued therapy due to side effects including lymphadenopathy, fever and interface dermatitis and three patients due to insurance issues. Eight patients continued to receive treatment according to the treatment protocol (The clinical features and outcomes of daclizumab treatment are outlined in Table 1 ).
Statistical analysis
Comparisons of EDSS scores between pretreatment and after sustained long-term treatment were performed with a nonparametric twotailed MannWhitney test for pairwise comparison and analysis of variance KruskalWallis Test (nonparametric ANOVA) for multiple comparisons. Comparison of annual relapse rate between pretreatment and during sustained long term treatment was performed with two-tailed unpaired t-test. Statistical analyses were performed using the Graphpad (San Diego, CA) Instat statistical program.
Results
Side effect profile
Overall, the treatment was well tolerated in all patients. In one patient (#7) the therapy was discontinued after 43 months of treatment because of side effects including lymphadenopathy, fever and interface dermatitis.
During treatment with daclizumab, five patients reported no side effects and the remaining seven patients reported one or more side effects, as summarized in Tables 1 and 2 . The most common side effects were rash, lymphadenopathy, chest discomfort and fever. Other possible side effects with single occurrences were headache, paresthesia, fatigue, constipation, Epstein-Barr virus (EBV) infection, toe infection, sore throat and transient mild liver function test elevation of alanine amonitransferase (ALT : 80) which was World Health Organization WHO grade I (Table 2) . Rash has been frequently observed in patients on daclizumab therapy [Rose et al. 2007 [Rose et al. , 2004 .
The rashes that we observed in our patients included eczema, granuloma annulare and interface dermatitis. Two patients [#18 and #22] had small patches of eczema that responded to topical steroids; daclizumab therapy was continued in these patients. One patient (# 1) developed granuloma annulare, which resolved with oral prednisone treatment and cessation of daclizumab.
Once the rash cleared, daclizumab was successfully reinitiated.
Patient #7 on daclizumab monotherapy developed a truncal and axillary rash associated with daily fever (as high as 40 C) as well as lymphadenopathy; skin biopsy revealed interface dermatitis and daclizumab was discontinued. This illness resolved following intravenous and subsequent oral corticosteroid therapy.
Lymphadenopathy occurred in two of the 12 patients who were treated with open-label daclizumab. These patients were on treatment for more than 2 years and the dosage was 1.5 mg/ kg (two patients). EBV infection was associated in one lymphadenopathy (patient #12). Patient #7 initially developed a truncal rash with cervical lymphadenopathy, which was treated empirically with antibiotics. Three weeks later the patient presented with tender inguinal lymphadenopathy. The rash spread to the abdomen, axillas and extremities. At this point, daclizumab infusion was suspended for 7 weeks then restarted at a lower dose. Within 10 days postinfusion, the patient developed pronounced cervical, axillary and inguinal lymphadenopathy accompanied by progressively severe night sweats, fever, rigors, arthralgia, anorexia and weight loss. Liver function studies, sedimentation rate and C-reactive protein were significantly elevated. Computed tomography (CT) scans revealed diffuse pelvic, abdominal, and thoracic lymphadenopathy. Skin and lymph node biopsies were obtained. Changes on skin biopsy demonstrated 'interface dermatitis' felt to be compatible with either drug rash or possibly an autoimmune disease. Lymph node pathology revealed one necrotic node and another with hyperplasia with preservation of the architecture. Immunohistochemistry of the hyperplasic node revealed abundant populations of CD3, CD4, CD20 and CD68. The CD4 : CD8 ratio was normal. CD10 staining was observed only in the germinal center B cells. Natural killer (NK) cell stains did not reveal a population of significance in the node and EBV stain demonstrated rare positive cells not thought to be significant. Other infectious etiologies were ruled out following extensive work up. Also, there was no laboratory evidence of a lupus-like autoimmune illness. The patient was hospitalized and treated with solumedrol, 1000 mg IV per day for 3 days, followed by a 2-month tapered course of prednisone and mycophenolate, 1000 mg per day, which resulted in resolution of fever, night sweats and lymphadenopathy. Because the patient required hospitalization for treatment of this complex of side effects the patient qualified as a serious adverse event (SAE). At present the patient is being worked up for persistent bilateral wrist synovitis that developed during treatment.
Patient #12 was on therapy for over 2 years when she developed night sweats associated with lymphadenopathy. A biopsy was performed and lymphoid hyperplasia was observed. In addition, EBV positive cells were detected by immunohistochemical analysis (data not shown). The patient was withdrawn from daclizumab therapy for 7 weeks during which the night sweats and lymphadenopathy resolved. Treatment was then successfully restarted without recurrence of symptoms or lymphadenopathy. The patient has also been monitored by PCR for EBV recurrence with no detectable viral DNA over the subsequent year.
Clinical outcomes
EDSS. Improvement in EDSS was observed after sustained long-term treatment, with an average reduction of 2.2 points ( p < 0.0001) (Figure 1) . Patients had sustained improvement in EDSS over their entire course, defined as a change in EDSS of 1.0 or more points over the total course of follow-up for each patient.
Patient #17 had severe disability and was refractory to solumedrol therapy and had an EDSS of 8.0, 5 months before daclizumab therapy and improved after plasmapheresis, but the EDDS score regressed to 6.5 points 1 month prior initiation of daclizumab therapy. The average duration of therapy was 42.1 months for all relapsing remitting patients with variable treatment duration from 24 to 60 months (Table 1) . A similar magnitude of improvement in EDSS was observed between patients on combined therapy or monotherapy, although the number of combined therapy patients (n ¼ 3) was too small to assess any significant differences between groups.
Annual relapse rate. Treatment with daclizumab significantly decreased the number of relapses. The combined relapse rate for all RR MS patients decreased from 2.15 relapses per year the in pretreatment period to 0.33 relapses per year after sustained long-term therapy ( p < 0.0001) ( Figure 2) . The pretreatment relapse rate was evaluated over a range of 1527 months before daclizumab treatment. All patients had a substantial reduction in the annual relapse rate that was sustained during therapy.
Discussion
In this retrospective study, 12 RR MS patients refractory to interferon therapy were treated with off label daclizumab for an average of 42.1 months. The medication was well tolerated during therapy and the side-effect profile was acceptable. However, monitoring for rash and lymphadenopathy is advisable, as these were the most common side effects. In two patients, minor rashes required either no treatment or occasional topical steroid administration. However, one patient required oral steroid treatment and a second patient with rash and lymphadenopathy developed recurrent fevers and required discontinuation of monoclonal antibody and intravenous steroid therapy to ameliorate this syndrome.
Monitoring blood cell counts including absolute lymphocyte counts and liver function test are recommended during daclizumab treatment. Clinical results in our series of patients indicate that patients with RR disease respond to daclizumab therapy. The majority of these patients (n ¼ 11) had clinical improvements that were sustained during the course of treatment. A regression to the mean phenomena could be a factor, but seems less likely in view of ongoing relapses and CELs while on immunotherapy over a substantial period of time (20 months average duration) prior to daclizumab treatment.
Daclizumab represents an effective alternative to aggressive immunosuppresion in patients who do not tolerate or do not respond to conventional MS therapies. An initial study revealed that daclizumab paired with interferon could result in significant reduction in CELs [Bielekova et al. 2004] . In a previous review of patients on openlabel daclizumab from 5 to 25 months, significant improvements in clinical course and MRIs were observed [Rose et al. 2004 ]. In addition, we have shown in a small phase II study a substantial benefit in reduction of CELs as well as improvement on standard clinical rating scales during daclizumab therapy over 27.5 months [Rose et al. 2007 ].
In the present study, the duration of therapy is much longer and demonstrates consistent benefit from daclizumab therapy in active RR MS patients [Rose et al. 2007 [Rose et al. , 2004 .
In our initial evaluation of open-label therapy we found that monotherapy with daclizumab was effective in the majority of patients [Rose et al. 2004] . In our small phase II trial, six of nine patients treated with daclizumab therapy were controlled on monotherapy [Rose et al. 2007 ].
In the present study, nine of 12 patients were maintained on monotherapy but, as we have previously observed, some patients (three in this study) required addition of interferon for optimal disease control with respect to CELs or clinical relapse rate.
Patient #17 was maintained on combined therapy with interferon during the whole duration of the study due to the aggressive clinical course. Patient #14 developed three new CELs 3 months after discontinuation of interferon treatment. Patient #20 experienced one relapse 1 month after discontinuation of interferon and developed one new CEL on MRI 2 months after discontinuation of interferon. Reinstitution of interferon therapy in patients 14 and 20 resulted in no further relapses or CELs.
Long-term daclizumab treatment appears to be associated with sustained clinical improvement in RR MS patients; but this open-label retrospective study of a small number of patients will require formal confirmation. The results of ongoing long-term, controlled clinical trials with daclizumab will be of considerable interest.
The CHOICE study is a phase II, randomized, double-blind, placebo-controlled clinical study that evaluated the efficacy and safety of daclizumab versus placebo when added to interferon beta therapy. Two-hundred-and-thirty patients with active MS with ongoing interferon beta therapy enrolled at study centers in the US and Europe were randomized to received daclizumab 1 mg/kg or 2 mg/kg subcutaneously every 2 weeks or placebo. The primary efficacy analysis at 24 weeks demonstrated a significant reduction in new or enlarged gadolinium enhancing lesions in the 2 mg/kg daclizumab group. A multicenter phase II monotherapy investigation of subcutaneous daclizumab (DacHyp) called the SELECT trial is ongoing Lutterotti and Martin, 2008] Recently, IL2-R alpha chain was identified by genetic analysis as a factor contributing to MS susceptibility [Hafler et al. 2007 ]. Daclizumab specifically binds to the alpha chain of the IL2-R. This chain is present on activated T and B cell but not in natural killer (NK) cells [Bielekova et al. 2006 ]. The mechanisms of action for daclizumab are complex and include inhibition of IL2 binding to the receptor, as well as the inhibition of CD4 + CD25 + effector cells resulting from blockade of CD40L [Snyder et al. 2007] . Daclizumab also has the potential to increase function and number of NK cells designated by a high density of CD56. These CD56 bright cells may have an important regulatory function on T cells which may contribute to the efficacy of daclizumab [Bielekova et al. 2006 ]. Further study of the mechanism of action of daclizumab may help to delineate new pathways of interest for development of new immunotherapies.
We conclude that intravenous daclizumab was relatively well tolerated over the average 3.5 years course of therapy. Importantly, in this retrospective study we document the side-effect profile of daclizumab during long-term treatment for RR MS patients. Depending on the outcomes of controlled clinical trials, daclizumab may become an important therapy for patients with active RR MS [Buttman and Rieckmann, 2008; Linker et al. 2008; Schippling and Martin, 2008] .
